Hydrogeochemical investigations were carried out with an objective to identify the processes affecting the chemistry of groundwater in the Coimbatore district of Tamil Nadu, India. Thirtythree groundwater samples were collected from representative wells for chemical analysis. Groundwater types identified from piper plots were Ca-Mg-Cl and Na-Cl. The dominance of ions was in the order of Na>Ca>Mg>K and Cl>HCO 3 >SO 4 >CO 3 . Spatial variation diagrams of ions were generated using the geostatistical analyst tool ArcGIS 9.3. According to these diagrams, most of the ions were higher in the northeast and southeast regions. This is attributed to the flow direction of the groundwater and high residence times. Gibbs diagrams identified rock-water interaction as an important geochemical process in the district. Evaporation, ion exchange, silicate weathering and dissolution of carbonate minerals were identified as other important hydrogeochemical processes which influence the groundwater chemistry of the study area.
Introduction
In areas with low rainfall and seasonal river flow, groundwater turns out to be an important source. The post-independence period in India saw excessive use of groundwater, mainly by the farming community. As Coimbatore evolved into a major textile city, the exploitation of the water resources increased as did pollution of those water resources. Free electricity to farmers developed an energized pumping culture which resulted in the lowering of groundwater levels. Geologically, the whole district, covered by hard rocks, has heterogeneity in lithology, making it difficult to identify potential groundwater zones. The present study focuses on the natural processes controlling the groundwater chemistry of the district.
Major ion chemistry of groundwater has been widely used in order to study the subsurface hydrogeochemical processes. Shanyengana et al. (2004) used the major ions to identify the salinization processes in some arid regions of Namibia. Sanchez-Martos et al. (1999) addressed the hydrogeochemical processes in the arid regions of Europe by developing a series of relationships between major and minor ions. Baghvand et al. (2010) studied the groundwater quality degradation of central Iran using major ions. Geochemical signatures of groundwater are effective tools in identifying the normal hydrogeochemical processes such as calcium carbonate dissolution, ion-exchange processes and silicate weathering (Lakshmanan et al. 2003) . Rajmohan and Elango (2006) analysed the major ions of the Palar river basin in order to define the relation between water level fluctuations and hydrochemistry. They identified that the important processes controlling the hydrochemistry were the dissolution of minerals and other anthropogenic activities. Jianhua et al. (2009) studied the major ion chemistry of the Ejina basin of China and suggested the SO 4 /Cl ratio as a good indicator for identification of gypsum-halite dissolution. Cloutier et al. (2008) employed multivariate statistics to identify the processes controlling the geochemical evolution of groundwater.
Study area

General characteristics
Physiographically, Coimbatore district is bounded on the west and south by steep rising mountains of the Western Ghats, namely the Nilgiris and the Anamalai hills; the Palghat gap lies between these hills (Fig. 1) . Most of the district is in the undulating plains with a gradual slope from west to east. Important rivers flowing through the district are the Bhavani, Noyyil and Amaravathy. The Noyyil is an ephemeral river which remains dry during the major part of the year. The drainage pattern is generally radial, parallel, trellis and dendritic. The climate is sub-tropical with temperature ranging from 14°C to 40°C. The district experiences both southwest and northeast monsoons, but northeast monsoon is predominant. Average annual rainfall is 647 mm (CGWB 2008).
Geology and Geomorphology
Geologically, the area is covered by a wide range of metamorphic rocks of peninsular gneiss (Fig. 1) . Major rock types are charnockites, granites, hornblende-biotite gneiss, sillimanite gneiss with basic and ultra-basic intrusive, crystalline limestone, syenite, pegmatite and quartz veins. Colluviums are seen in the western part of the district with a thickness of 50-80 m; alluvium and kankar deposits are seen in the Bhavani, Noyyil and Amaravathi river basins. Hornblende-biotite gneiss is the most common rock type throughout the district. Geomorphology, structural and denudational processes predominate the fluvial processes. Various geomorphic units prevailing in the district are structural and residual hills, linear ridges, bazada zones, buried piedmonts, active pediments, shallow piedmonts, erosional plains, valley fills and uplands. Soils of Coimbatore include red calcareous soil, black soil, red non-calcareous soil, alluvial and colluvial soil, brown soil and forest soil.
Hydrogeology and groundwater flow patterns
Groundwater occurs in all the geologic formations from the oldest Archean crystalline rocks to recent alluvium. Diversified geological formations and hydro-meteorological dissimilarities are the peculiar features of the area. Hard rock terrains hold water in fissures, fractures, joints and weathered portions, whereas porous media prevail in the sedimentary formations. The weathered granular zone forms shallow aquifers up to 30 m thick. Shallow weathered aquifers are better developed and yield more in hornblende-biotite gneiss than charnockite or granites. The observed aquifer parameters, transmissivity and permeability of hard rock in Coimbatore district is 1.49-164.18 m sands and gravels are common in the sedimentary formations of the study area with a thickness of 20-70 m. Dug wells and shallow bore wells are common water development media. A schematic of the groundwater flow directions and hydrogeological cross section of the study area is shown in Fig. 2(b) .
In order to estimate the groundwater flow patterns, water level data from 24 wells were collected and their corresponding topographic heights were marked (see Table 1 ). Hydraulic heads of each point were calculated from these data. Piezometric curves were then drawn based on the hydraulic head, which varied from 198.92 to 558.12 m. The highest elevation is observed in the northwestern part of the study area, near to the Western Ghats and the lowest in the central part. Two principal flow directions were demarcated; one towards the eastern direction along the flow path of the River Noyyal and second to the southeastern part of the study area. The flow directions are important in determining the chemical composition of the groundwater, which is discussed in the next sections.
Materials and methods
A total of 33 groundwater samples were collected from different parts of the district during January 2010. Water was pumped out for a fair amount of time prior to the collection. Water samples were collected in polyethylene bottles (1 L capacity); bottles were sealed and brought to the laboratory for analysis, and stored properly (4°C) before analysis. Analysis was carried out as per the standard methods suggested by APHA (1995) . Electrical conductivity (EC) and pH were analysed in the field using portable digital meters. Major ions such as Ca, Mg, Na, K, CO 3 , HCO 3 , Cl and SO 4 were analysed. Mostly the anions were analysed by titration, except for sulphate. A UV visible spectrophotometer was used for analysis of sulphate. Sodium and potassium were analysed using a flame photometer. Calcium and magnesium were determined by titration with EDTA. The analytical precision of the measurements of cations and anions is indicated by the ionic balance error, which was computed on the basis of ions expressed in milliequivalent per litre (meq/L). The values were observed to be within the standard limit of ±5%. AqQa 1.1.1 software was used to plot the Piper trilinear plots. Spatial distribution maps were created using ArcGIS 9.3. The mineral saturation indices were calculated using the geochemical speciation code PHREEQC (Parkhurst and Appelo 1999) available in Aquachem 4.0.
Results and discussion
Hydrogeochemistry
Hydrogeochemical parameters of Coimbatore district are given in Table 2 . The pH of the study area varies from 8 to 9, with an average of 8. This indicates the alkaline nature of the groundwater. The EC values vary from 210 to 5880 µs, with an average value of 1465 µS/cm, which it is slightly on the high side. 
Spatial distribution of major ions
High variations in spatial distribution are observed from east to west in the district. Most of the ions are in high concentration in the northeast and southeast regions of the study area. TDS shows maximum values at the far eastern boundary of the district. The spatial variation diagram of TDS (Fig. 3) shows relatively good quality of groundwater in the southwest part. Physiographically these areas are low-lying and have a gentle slope. Due to high contact time, rock-water interaction may elevate the level of dissolved ions. The semi-arid climatic condition is also an important parameter, contributing to the high concentration of TDS. Major geological formations of the study area are gneissic pink granite and limestones. These formations affect the high concentration of sodium, potassium, calcium and bicarbonates in the groundwater. Moreover, Noyyil is an ephemeral river flowing from west to east. This river discharges at the eastern boundary of the district, characterized by a high level of dissolved ions. The spatial variation diagram of sodium (Fig. 4(a) ) follows the same trend as that of TDS. Calcium (Fig. 4(b) ) shows a high concentration in the limestone formations. This indicates the effect of calcite dissolution. A study of the spatial variation diagram and the geological map suggests that there is relatively lower concentration of calcium in the gneissic formations. The source of magnesium could be the dissolution of dolomite, or from granite or gneiss. Most of the area has Mg concentrations in the range of 60-150 mg/L. A comparison of Fig. 4(c) with the geological map shows that both the formations equally contribute to the enrichment of Mg in the groundwater. The potassium concentration (Fig. 4(d) ) is mainly from the mafic and ultramafic igneous rocks or from their weathered by-products (clay). A high concentration is observed in the southwest part of the study area. This is in contrast to the general trend in the area. The deficiency of K compared to Na can be attributed to the high resistance of potassium to weathering, as well as fixation by clay minerals.
The bicarbonate more or less follows the same trend as that of potassium. Concentrations are much lower in the eastern part of the study area. Spatial variation diagrams of bicarbonate and carbonate are given in Fig 5(a) and (b). The contribution of bicarbonates and carbonates in water is from natural geological processes. Lower concentrations of these anions and high concentrations of other ions in the eastern boundary indicate zones of natural discharge. The spatial variation of chloride (Fig. 5(c) ) is very distinct, as is that of TDS. The origin of Cl is usually the dissolution of halite in the groundwater. There is an enrichment of all ions as well as chloride towards the eastern boundary, the direction of flow. Sulphates in the groundwater can be derived from industrial salts and also from the dissolution of gypsum. In the semi-arid regions, dissolution of gypsum is a common process which determines the water chemistry ( Fig. 5(d) ).
Groundwater types
The groundwater types of the study area are examined using Piper diagrams (Piper 1944) . Water types of the district are quite clear; four distinct hydrogeochemical facies were identified. The Ca-Mg-Cl type of water dominates among the four facies with 30% and Na-Cl type is the second most prominent with 27%. Both these types together represent more than 50% of the water type; Ca-HCO 3 (22%) and mixed Ca-Na-HCO 3 (21%) also contribute to the water types. From these results, it is clear that Na and Ca are the dominant cations, and Cl and HCO 3 are the dominant anions. This suggests that dissolution of calcite as well as evaporation processes are prominent in the geo-hydro environment. The Piper trilinear diagram for Coimbatore district is given in Fig. 6 . 
Hydrogeochemical processes
General
In semi-arid regions, the common hydrogeochemical processes are precipitation, evaporation and rockwater interaction and the groundwater chemistry of the area is generally dependent on these processes. A generalized classification is possible by plotting a Gibbs diagram (Gibbs 1970) , from which the influence of the controlling processes can be identified. The Gibbs diagram plotted for the study area is shown in Fig. 7 . Most of the groundwater samples of the study area classify under rock-water interaction and a few samples exist in the evaporation zone. This clearly indicates that the groundwater chemistry is mainly controlled by the weathering of rocks. Since this is a semi-arid region, evaporation is also a factor contributing to hydrogeochemical process. In order to understand these complex geochemical processes, major ion chemistry and local geology of the area were considered. Generally, Na-Cl relationships are employed in the origin of salinity in groundwater (Sami 1992 , Carol et al. 2009 ). Salinity may also originate from the dissolution of chloride-rich minerals. If there exists a positive correlation between sodium and chloride, then their origin is likely to be from a common source. In the study area, the sources may be from evaporation as well as dissolution of halite. The dissolution of halite results in mixing of equal amounts of Na and Cl in groundwater, so the ratio between sodium and chloride will be nearly one. Figure 8 illustrates the relationship between sodium and chloride; a large number of samples deviate from the 1:1 line. This obviously indicates that there are some other processes which release sodium into the groundwater. If the Na/Cl ratio is greater than 1, it indicates silicate weathering, which will act as a source of high sodium ratio in groundwater. In the study area, the metamorphic rocks of peninsular gneiss are an important source of plagioclase feldspar. This sodium-rich feldspar can be the source of Na in groundwater. The other possible origin is from ion exchange between Na and Ca. A negative correlation is observed between Na/Cl and Ca+Mg, which highlights the possibility of ion exchange processes (see Fig. 9 ) 
Evaporation
Evaporation is a common process found mostly in arid and semi-arid regions. It will work in groundwater also, if the water level is shallow and the intensity of wells is high. Evaporation results in an increase in concentration of TDS, but the Na/Cl ratio remains the same (Jankowski and Acworth 1997, Subramani et al. 2010) . This means that the ratio between Na and Cl must be constant with an increase in EC. The correlation in the study area is negative, as can be seen from the EC vs Na/Cl plot (Fig. 10) . This indicates that evaporation is not a prominent process in determining the chemistry of the groundwater. The other probable cause for altering the ratio may be the extreme ion exchange or silicate weathering.
Ion exchange processes
Ion exchange is one of the important processes in semiarid regions, contributing to the chemistry of water. Favourable conditions for the occurrence of ionic exchange are a recharged source of groundwater with elevated Ca concentrations and presence of minerals with both high cation exchange capacities (CEC) and Na on their exchange sites (Cloutier et al. 2010) . These processes can be classified as normal ion exchange and reverse ion exchange. The identification of these reactions is done by plotting Ca+Mg vs HCO 3 +SO 4 with a 1:1 mixing line (Fisher and Mulican 1997, Rajmohan and Elango 2004) . If normal ion exchange is prominent, the plotted points must shift towards the HCO 3 +SO 4 region. However, if reverse ion exchange dominates the shift is towards the Ca+Mg region. The probable reactions for this process are explained by (Rajmohan and Elango 2004 , Appelo and Postma 2005 , Rajesh et al. 2010 :
In Fig. 11 , most of the points are on or above the mixing line, towards the Ca+Mg field. This excess Ca and Mg originates from clay minerals, with an exchange of sodium ions from groundwater. This indicates that reverse ion exchange is the prominent process in the subsurface. Reverse ion exchange was further proved by studying the reaction between NaCl vs (Ca+Mg-HCO 3 -SO 4 ) (Fig. 12) . If ion exchange occurs in the groundwater, the slope of the trend line must be −1. Figure 12 shows a slope of −0.938, which confirms the relationship between Ca, Mg and Na through reverse ion exchange process.
Silicate weathering
One of the important sources of Na and K in groundwater is weathering of silicate minerals. Common igneous rocks, such as pyroxenes, amphiboles, calcic and potash feldspars, are prone to weathering. This can be a rich source of sodium and potassium (Jacks 1973 , Bartarya 1993 . The end product of the silicate weathering can produce a variety of materials, mostly clay. A correlation diagram between Na and Cl (Fig. 10) shows that most of the points fall on the Na field rather than Cl. This indicates that sodium ion concentration is high in the study area. Silicate weathering is further confirmed by the correlation plot between Ca+Mg vs total cations (Fig. 13) ; most of the points are inclined to the total cations, which confirms the dominance of sodium as well as silicate weathering. Some of the samples show a slightly different trend, which is due to the cation exchange process.
Dissolution and deposition
Most of the semi-arid regions of the world are experiencing dissolution and deposition of reactive minerals. The common minerals that take part in these processes are calcite, dolomite, gypsum and halite. The mineral equilibrium calculations in groundwater are effective predictors of reactive minerals in groundwater of certain environments (Deutsch 1997) . Partial pressure of CO 2 can catalyse these processes. Among the four dissolution mechanisms, calcite dissolution is the most common process, with a ratio of 1/2Ca:HCO 3 . Limestone is one of the abundant formations in the study area. This suggests that Ca and Mg have been added to the groundwater. The relationship between Ca and Mg with HCO 3 was plotted to study the dissolution of calcite and dolomite; HCO 3 showed a negative correlation with Ca (Fig. 14) and a parallel correlation with Mg (Fig. 15) . This shows that magnesium dominates over calcium in many locations. This finding is further confirmed by a plot of Ca vs Mg (Fig. 16) . If Ca/Mg = 1, there exists a dissolution of dolomite (Jacks and Sharma 1995) . If it is between 1 and 2, it indicates the dissolution of calcite, and if it is greater than 2, then it represents silicate weathering. The results show that both calcite and dolomite are represented. The majority of the points are on or above the 1:1 ratio line, which represents the dissolution of dolomite in the study area. Those points below the 1:1 line represent the dissolution of calcite. The other source of Mg can be from dissolution of aluminosilicates, such as biotites and chlorites (Jalali 2005) .
Dissolution of gypsum is an important source of calcium and sulphate in groundwater. It adds equal amounts of Ca and SO 4 to the groundwater during the weathering process. So a correlation diagram between Ca and SO 4 is plotted to explain the sources of calcium and sulphate. Figure 17 suggests that a good correlation exists between Ca and SO 4 in the study area. The gypsum dissolution is one of the major sources of calcium in the groundwater. Sulphate shows a good positive correlation with sodium ions (Fig. 18) ; this points towards a common mineralization of these minerals other than calcium. The probable source can be an evaporate deposit buried in the area.
Saturation indices are effective to study the chemistry of groundwater, when it is in equilibrium with some reactive minerals. If the groundwater is saturated (SI > 0) with respect to a mineral, it is prone to deposit, which is known as precipitation. If it is undersaturated (SI < 0) with certain minerals, more minerals can be soluble in the solution in order to reach the equilibrium. Saturation indices (SI) for the study area were calculated using Lloyd and Heathcote (1985) :
where SI is the saturation index, IAP is the ion activity product and Ks is the solubility product of the mineral. The SI was calculated for aragonite, calcite, dolomite and gypsum in the study area. In most of the samples, SI values for aragonite, calcite and dolomite were positive (Si > 0), indicating that these minerals are oversaturated in many locations, which may be lead to the deposition of these minerals, whereas the SI of gypsum was negative (SI < 0) in the majority of the samples, showing that groundwater is undersaturated with respect to gypsum. This suggests that groundwater can dissolve more gypsum and increase the SO 4 level in groundwater till the saturation is achieved. These results suggest that the dissolution and deposition of these minerals mostly control the concentration of Ca, Mg and SO 4 in the groundwater of the study area. Since all the groundwater samples are showing a similar trend, five samples were selected to demonstrate the geochemical equilibrium. This selection was purely based on the pH and dissolved ion composition in the groundwater. The SI values obtained for these samples through aqueous speciation modelling are presented in Table 3 . 
Summary and conclusions
Geochemical analysis of groundwater was carried out in Coimbatore district, India. Major ions were used to identify the hydrogeochemical processes controlling the groundwater chemistry. The spatial variation diagrams show that concentration of most of the ions, except for HCO 3 and potassium, were quite high in the northeast and southeast regions of the district. On the western boundary of the study area, relatively good quality of water is available. Important water types identified are Na-Cl type and Ca-Mg-Cl. This hints at possible hydrogeochemical processes, such as carbonate dissolution, gypsum dissolution, evaporation, silicate weathering and ion exchange processes. Detailed analyses were carried out using correlation plots, a Gibbs diagram and saturation indices. The Na/Cl ratio affirms the effect of halite dissolution and the role of evaporation in the water chemistry of the study area. Correlation diagrams of Ca-HCO 3 , Mg-HCO 3 and Ca-Mg show dissolution of dolomite and not that of calcite. Good correlation between Ca and SO 4 suggests the dissolution of gypsum. The Na-Cl vs Ca+Mg-HCO 3 -SO 4 plots yielded a slope of −0.938, confirming the role of Ca, Na and Mg in reverse ion exchange. Cross-plots between Na-Cl and [(Ca+Mg)-(total cations)], indicate the effect of silicate weathering on the groundwater chemistry. The results based on chemical analysis and spatial distribution diagrams of major ions indicate that the chemistry of the region's water is largely controlled by complex geochemical mechanisms.
Disclosure statement
No potential conflict of interest was reported by the authors. 
